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            Abstract
CD4+ T cells are central mediators of autoimmune pathology; however, defining their key effector functions in specific autoimmune diseases remains challenging. Pathogenic CD4+ T cells within affected tissues may be identified by expression of markers of recent activation1. Here we use mass cytometry to analyse activated T cells in joint tissue from patients with rheumatoid arthritis, a chronic immune-mediated arthritis that affects up to 1% of the population2. This approach revealed a markedly expanded population of PD-1hiCXCR5âˆ’CD4+ T cells in synovium of patients with rheumatoid arthritis. However, these cells are not exhausted, despite high PD-1 expression. Rather, using multidimensional cytometry, transcriptomics, and functional assays, we define a population of PD-1hiCXCR5âˆ’ â€˜peripheral helperâ€™ T (TPH) cells that express factors enabling B-cell help, including IL-21, CXCL13, ICOS, and MAF. Like PD-1hiCXCR5+ T follicular helper cells, TPH cells induce plasma cell differentiation in vitro through IL-21 secretion and SLAMF5 interaction (refs 3, 4). However, global transcriptomics highlight differences between TPH cells and T follicular helper cells, including altered expression of BCL6 and BLIMP1 and unique expression of chemokine receptors that direct migration to inflamed sites, such as CCR2, CX3CR1, and CCR5, in TPH cells. TPH cells appear to be uniquely poised to promote B-cell responses and antibody production within pathologically inflamed non-lymphoid tissues.
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                    Figure 1: Expanded PD-1hiCXCR5âˆ’CD4+ T cells in joints and blood of patients with seropositive RA.[image: ]


Figure 2: Synovial PD-1hiCXCR5âˆ’CD4+ T cells express factors associated with B-cell help.[image: ]


Figure 3: High-dimensional analyses of PD-1hiCXCR5âˆ’ and PD-1hiCXCR5+ cells identify shared and distinct features.[image: ]


Figure 4: PD-1hiCXCR5âˆ’CD4+ T cells promote plasma cell differentiation through IL-21 and SLAMF5 interactions.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Detection of PD-1hiCD4+ T cells in RA synovial tissue and fluid by mass and flow cytometry.
a, viSNE plots of mass cytometry of RA synovial tissue CD4+ T cells as in Fig. 1a from 2 additional donors. b, Gating strategy to identify synovial tissue PD-1hi CD4+ T cell populations by mass cytometry. c, viSNE plots of flow cytometry of paired RA synovial fluid and blood memory CD4+ T cells. d, Gating strategy to identify synovial fluid PD-1hi memory CD4+ T cells by flow cytometry. e, Examples of gating used to sort memory CD4+ T cell populations from patient samples. f, Detection of CXCR5 mRNA by RTâ€“PCR in sorted memory CD4+ T-cell populations from synovial tissue (nâ€‰=â€‰3 donors, 2 of which provided sufficient PD-1hi CXCR5+ cells for analysis), synovial fluid (nâ€‰=â€‰3 donors, 1 of which provided sufficient PD-1hi CXCR5+ cells for analysis), and blood (nâ€‰=â€‰2 donors). Purple boxes indicate PD-1âˆ’ and PD-1hi CXCR5+ cells sorted from human tonsil as controls. Lines in f indicate mean for synovial or blood samples.


Extended Data Figure 2 PD-1hiCXCR5âˆ’CD4+ T cells are expanded in circulation of patients with active, seropositive RA and decrease with response to therapy.
a, Mean expression of MHC II and ICOS in memory CD4+ T cell populations from synovial tissue (nâ€‰=â€‰10), synovial fluid (nâ€‰=â€‰9), and blood (nâ€‰=â€‰42) from patients with seropositive RA. Meanâ€‰Â±â€‰s.d. shown. b, Flow cytometric detection of PD-1 and CXCR5 expression on blood memory CD4+ T cells. câ€“e, Frequency of PD-1hi cells that co-express MHC II or ICOS (c), PD-1hi CXCR5+ cells (d) or cells with intermediate PD-1 expression (e) within memory CD4+ T cells from blood of patients with seropositive RA (nâ€‰=â€‰42), seronegative RA (nâ€‰=â€‰16), spondyloarthropathy (SpA, nâ€‰=â€‰11), and non-inflammatory controls (nâ€‰=â€‰35). f, Correlation between age or disease duration and blood PD-1hiCXCR5âˆ’ cell frequency in seropositive RA patients (nâ€‰=â€‰38). g, PD-1hiCXCR5âˆ’ cell frequencies in seropositive RA patients segregated based on sex or medication usage (nâ€‰=â€‰38). h, Correlation between serum anti-CCP antibody titer and blood PD-1hiCXCR5âˆ’ cell frequency in all RA patients (nâ€‰=â€‰53, black line, Pâ€‰=â€‰0.0049) or in only anti-CCP antibody+ patients (nâ€‰=â€‰29, green line, Pâ€‰=â€‰0.48). i, Correlation between fold change in CDAI and fold change in PD-1hiCXCR5âˆ’ cell frequency in patients 3 months after addition of a new RA medication (nâ€‰=â€‰23; methotrexate, 11; anti-TNF, 4; abatacept, 4; tocilizumab, 2; tofacitinib, 2). j, Frequency of PD-1hi T-cell subpopulations in blood before and after RA treatment escalation in 18 patients with reduced disease activity after therapy. Medianâ€‰Â±â€‰interquartile range (câ€“e); meanâ€‰Â±â€‰s.d. (a, g) shown. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001 by Mannâ€“Whitney (c, g), Kruskalâ€“Wallis (d, e), Wilcoxon test (j). In f, h, i, P values calculated by Spearman correlation.


Extended Data Figure 3 Blood PD-1hiCXCR5âˆ’CD4+ T cells express factors associated with B-cell help.
a, RTâ€“PCR for intracellular regulators in memory CD4+ T cell populations from RA synovial fluid (nâ€‰=â€‰5 or 6 donors). b, RTâ€“PCR for cytokines (nâ€‰=â€‰10 donors, 6 RA patients (black), 4 controls (grey)) and intracellular regulators (nâ€‰=â€‰4 or 5 donors) in memory CD4+ T cell populations from blood. c, Cytokine and transcription factor mRNA expression in blood PD-1hi memory CD4+ T cell populations divided according to CXCR5 expression, relative to PD-1âˆ’ cells (nâ€‰=â€‰6 donors). d, Flow cytometric quantification of BCL6 and BLIMP1 in blood PD-1hi memory CD4+ T cell subpopulations sorted according to chemokine receptor expression, then stimulated in vitro for 2 days with anti-CD3/CD28 beads. Representative data from 1 of 3 experiments using cells from different donors. Median Â± interquartile range (a, b); mean Â± s.d. (c, d) shown. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001 by Friedmanâ€™s test, compared to PD-1â€“MHC-IIâˆ’ group (a, b).


Extended Data Figure 4 Identification and characterization of circulating PD-1hiCXCR5âˆ’ and PD-1hiCXCR5+ in mass cytometry and RNA-seq analyses.
a, Gating of blood PD-1hi memory CD4+ T cells in mass cytometry analyses. b, Flow cytometric detection of FOXP3 and PD-1 in blood memory CD4+ T cells from patients with RA (black, nâ€‰=â€‰5) and controls (grey, nâ€‰=â€‰3). c, Flow cytometric detection of inhibitory receptors on blood CXCR5âˆ’ memory CD4+ T cells. Data from 1 of 3 patients with RA with similar results. d, Sorting strategy for PD-1hiCXCR5âˆ’ and PD-1hiCXCR5+ cell populations for RNA-seq. e, Hierarchical clustering T-cell subpopulations sorted as in d, with clustering based on expression of TFH-associated genes measured by RNA-seq. f, Chemokine receptor expression on blood memory CD4+ T cells from patients with RA (black) or controls (grey) by flow cytometry. Meanâ€‰Â±â€‰s.d. shown. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.001, ***Pâ€‰<â€‰0.0001 by Kruskalâ€“Wallis test compared to PD-1âˆ’ cells (b) or Wilcoxon test (f).


Extended Data Figure 5 Limited interconversion of PD-1hiCCR2+ and PD-1hiCXCR5+ T cells in vitro.
a, Flow cytometry of CXCR5 and CCR2 on gated PD-1hi memory CD4+ T cells from blood. b, Expression of CXCR5 and CCR2 on indicated sorted PD-1hi T-cell populations 7 days after in vitro stimulation with anti-CD3/CD28 beads. c, d, Percentage of cells from each sorted PD-1hi population that expressed CXCR5 or CCR2 on day 2 (c) or day 7 (d) after in vitro stimulation. Naive CD4+ T cells are shown as control. Meanâ€‰Â±â€‰s.d. shown (nâ€‰=â€‰3 donors from 3 separate experiments).


Extended Data Figure 6 SLAMF5 is required for B-cell-helper function of PD-1hiCXCR5âˆ’CD4+ T cells.
a, Flow cytometric quantification of SLAM, SLAMF5, and SLAMF6 expression on memory CD4+ T cells (nâ€‰=â€‰10 donors; 5 patients with RA, 5 controls). b, Quantification of frequency of memory B cells with plasma cell markers after co-culture with PD-1hiCXCR5+CD4+ T cells with addition of blocking antibodies against SLAMF5 and/or SLAMF6. c, IgG quantification by ELISA in co-cultures of memory B cells with PD-1hiCXCR5âˆ’ or PD-1hiCXCR5+ T cells with addition of blocking antibodies against SLAMF5 and/or SLAMF6. For b, c, 1 of 3 experiments with similar results (nâ€‰=â€‰3 replicates shown). Meanâ€‰Â±â€‰s.d. shown. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001 by Kruskalâ€“Wallis compared to PD-1âˆ’CXCR5âˆ’ (a) or isotype control (b, c). d, Immunofluorescence microscopy of CD20 (green), CXCR5 (red), and PD-1 (blue), in seropositive RA synovial tissue. Arrows point to PD-1hiCXCR5âˆ’ cells adjacent to B cells. Scale bar, 50â€‰Î¼m.


Extended Data Table 1 Mass cytometry panels for analysis of synovial and blood cellsFull size table


Extended Data Table 2 Clinical characteristics of evaluated patientsFull size table


Extended Data Table 3 Significantly differentially expressed genes between PD-1âˆ’ and PD-1hi cell populationsFull size table


Extended Data Table 4 Significantly differentially expressed genes between PD-1hiCXCR5âˆ’ and PD-1hiCXCR5+ cell populationsFull size table





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Rao, D., Gurish, M., Marshall, J. et al. Pathologically expanded peripheral T helper cell subset drives B cells in rheumatoid arthritis.
                    Nature 542, 110â€“114 (2017). https://doi.org/10.1038/nature20810
Download citation
	Received: 19 April 2016

	Accepted: 18 November 2016

	Published: 02 February 2017

	Issue Date: 02 February 2017

	DOI: https://doi.org/10.1038/nature20810


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        The response of CD27+CD38+ plasmablasts, CD24hiCD38hi transitional B cells, CXCR5âˆ’ICOS+PD-1+ Tph, Tph2 and Tfh2 subtypes to allergens in children with allergic asthma
                                    
                                

                            
                                
                                    	Yunying Zhu
	Qian Jiang
	Liannv Qiu


                                
                                BMC Pediatrics (2024)

                            
	
                            
                                
                                    
                                        Single-cell insights into immune dysregulation in rheumatoid arthritis flare versus drug-free remission
                                    
                                

                            
                                
                                    	Kenneth F. Baker
	David McDonald
	John D. Isaacs


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        The regulation and differentiation of regulatory T cells and their dysfunction in autoimmune diseases
                                    
                                

                            
                                
                                    	Tomokazu S. Sumida
	Nardos T. Cheru
	David A. Hafler


                                
                                Nature Reviews Immunology (2024)

                            
	
                            
                                
                                    
                                        Cytotoxic Tph subset with low B-cell helper functions and its involvement in systemic lupus erythematosus
                                    
                                

                            
                                
                                    	Noriyasu Seki
	Hideto Tsujimoto
	Tsutomu Takeuchi


                                
                                Communications Biology (2024)

                            
	
                            
                                
                                    
                                        Non-coding autoimmune risk variant defines role for ICOS in T peripheral helper cell development
                                    
                                

                            
                                
                                    	Taehyeung Kim
	Marta MartÃnez-Bonet
	Peter A. Nigrovic


                                
                                Nature Communications (2024)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Peripheral helper T cells in rheumatoid arthritis
Michael Brenner and colleagues identify a subset of pathogenically activated PD-1hi CD4-positive T cells in patients with rheumatoid arthritis, and show that it promotes B-cell responses in tertiary lymphoid structures. The cells, which the authors designate as 'peripheral helper' T cells, differ from follicular helper cells in that they lack CXCR5, have altered BCL6 expression, and express chemokine receptors that direct migration to inflamed sites.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
